Duchenne muscular dystrophy (DMD) is a severe muscle disease of known etiology without effective, or generally applicable therapy. Mitochondria are affected by the disease in animal models but whether mitochondrial dysfunction is part of the pathogenesis in patients remains unclear. We show that primary cultures obtained from muscle biopsies of DMD patients display a decrease of the respiratory reserve, a consequence of inappropriate opening of the permeability transition pore (PTP). Treatment with the cyclophilin inhibitor alisporivir − a cyclosporin A derivative that desensitizes the PTP but does not inhibit calcineurin − largely restored the maximal respiratory capacity without affecting basal oxygen consumption in cells from patients, thus reinstating a normal respiratory reserve. Treatment with alisporivir, but not with cyclosporin A, led to a substantial recovery of respiratory function matching improved muscle ultrastructure and survival of sapje zebrafish, a severe model of DMD where muscle defects are close to those of DMD patients. Alisporivir was generally well tolerated in HCV patients and could be used for the treatment of DMD.
Introduction
Duchenne muscular dystrophy (DMD) is a severe disease caused by defects of the gene encoding for dystrophin, a key component of muscle [1, 2] . Dystrophin interacts with several partners to form the dystrophin-associated dystroglycan complex [3, 4] , which provides a link between the cytoskeleton and the sarcolemma [5, 6] . This link further extends to the extracellular matrix through the interactions of dystroglycan and sarcoglycan with a variety of proteins including agrin, biglycan and their ligands laminin and collagen VI [4] .
Dystrophin thus plays a key role in the stability of the sarcolemma in the face of muscle contraction, and it is not surprising that muscular dystrophies can arise from defects in the genes encoding for each component of this connecting system [4] .
Mechanical stress is an inevitable consequence of muscle activity. Lack of dystrophin sensitizes muscle to damage followed by fiber death, inflammation and repair resulting in fibrosis, which eventually predominates over regeneration [4] . Increased permeability of the sarcolemma to Ca 2+ is an early event that can lead to cell death [7] , yet it is obvious that the defect is initially compensated [4] . Understanding the molecular bases of this compensation -and the reasons underlying their failure -can have a profound influence on rational therapeutic approaches downstream of the genetic lesion [4] .
Animal models indicate that increased Ca 2+ flux is a pathogenic event per se and that muscle disease occurs irrespective of the primary Ca 2+ transport pathway that has been affected [7, 8] . Early work had shown that total Ca 2+ is increased in DMD fibers [9] [10] [11] , and that the increase of cytosolic [Ca 2+ ] leads to protein degradation [12, 13] . Deregulation of Ca 2+ homeostasis does not necessarily mean that resting cytosolic [Ca 2+ ] is stably higher than normal [14, 15] . It appears likely that increased Ca 2+ flux at the sarcolemma [16, 17] is initially compensated by intracellular organelles, and that a stable cytosolic [Ca 2+ ] rise may be a late event that triggers hypercontracture and activation of proteolytic enzymes, setting the point of no return and fiber death as first proposed 40 years ago [18] . This Ca 2+ -dependent mitochondrial dysfunction may be due to opening of the mitochondrial permeability transition pore (PTP) [8] .
The PTP is an inner membrane channel implicated in a variety of degenerative diseases. Its opening requires matrix Ca 2+ -a key permissive factor -and is favored by oxidants, while it is counteracted by reducing agents, adenine nucleotides and Mg 2+ [8] . The PTP appears to originate from a conformational change of the F 1 F O ATP synthase through a Ca 2+ -dependent mechanism that is the matter of active investigation [19] . A key regulator of the PTP in vertebrates is matrix cyclophilin (CyP) D, whose inhibition is the basis for the PTP desensitizing effects of cyclosporin (Cs) A and of its non-immunosuppressive derivatives N-methyl-isoleucine-4-cyclosporin (NIM811) [20] and N-methyld-alanine-3-N-ethyl-valine-4-cyclosporin (alisporivir or Debio025, formerly Unil025) [21] . A role of the PTP in the pathogenesis of muscular dystrophy has been documented particularly for collagen VI diseases. Treatment with CsA and alisporivir was extremely effective in the Col6a1 −/− myopathic mouse lacking collagen VI [22, 23] and in cultured cells form patients [23, 24] , and NIM811 was superior to CsA in a severe zebrafish model of the disease [25, 26] . Is PTP-dependent mitochondrial dysfunction also relevant to DMD? Treatment with alisporivir had beneficial effects in the mdx mouse [27, 28] , where it was more active than prednisone [29] . The limit of these studies is that the mdx mouse has a very mild disease and it remains unclear whether CyP inhibitors have therapeutic potential in DMD patients. Here we report (i) the presence of a PTPdependent mitochondrial defect and (ii) the therapeutic effect of alisporivir in both muscle-derived primary cell cultures from DMD patients and in the sapje zebrafish, a severe model of DMD [30] .
Materials and methods

Muscle cell cultures
Muscle biopsies were obtained from healthy donors and DMD patients. DMD patient 1 had a deletion of exons 48-54 (out of frame deletion), DMD patient 2 a c5551 C > T stop mutation in exon 39, and DMD patient 3 a deletion of exons 48-50 (out of frame deletion). Cultures were prepared by enzymatic and mechanical treatment of muscle biopsies and by plating in Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% fetal calf serum, penicillin, streptomycin and amphotericin B (Sigma) as previously described [31] and stored in liquid nitrogen. Cells were expanded and used within the 7th passage.
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was measured based on the accumulation of tetramethylrhodamine methyl ester (TMRM). Cells were seeded onto 24 mm diameter round glass coverslips and grown for two days in DMEM supplemented with 20% fetal calf serum. To normalize the loading conditions, in all experiments with TMRM the medium was supplemented with 1.6 M CsH, which inhibits the multi-drug resistance pump but not the PTP [32] . Cells were rinsed once and then incubated in serumfree DMEM supplemented with 1.6 M CsH and loaded with 10 nM TMRM for 30 min. At the end of each experiment, mito- chondria were fully depolarized by the addition of 4 M of the protonophore carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP). Cellular fluorescence images were acquired with an Olympus IX71/IX51 inverted microscope, equipped with a xenon light source (150 W) for epifluorescence illumination, and with a digital camera. For detection of fluorescence, 545 ± 15 nm bandpass excitation and 572 nm longpass emission filter settings were used. Images were collected with exposure time of 100 msec using a 40x, 1.3 NA oil immersion objective (Olympus). Data were acquired and analyzed using Cell R software (Olympus). Clusters of several mitochondria were identified as regions of interest, and fields not containing cells were taken as the background. Sequential digital images were acquired every 2 or 5 min as specified in the figure legends. Average fluorescence intensity of all relevant regions was recorded and stored for subsequent analysis.
Measurement of oxygen consumption rate
Oxygen consumption rates (OCR) were measured with the Seahorse XF-24 extracellular flux analyzer, which detects oxygen consumption through a sensor cartridge embedded with a fluorescent sensor for oxygen. The sensor is coupled to a fiber-optic waveguide, which delivers light at 532 nm and transmits a fluorescent signal to highly sensitive photodetectors through optical filters [33] . Muscle-derived cell cultures were seeded in XF-24 cell culture plates at 2.5 × 10 4 cells/well in 0.2 ml of DMEM with 20% fetal calf serum, penicillin, streptomycin and incubated at 37 • C in 5% CO 2 for 24 h. Assays were initiated by replacing the growth medium with serum-free DMEM and the experiment was performed at 37 • C. The optimal concentration of FCCP required for maximal stimulation of respiration, which ranged between 0.4 and 1 M, was routinely determined by titration. After a stable OCR baseline was established, oligomycin, FCCP, rotenone and antimycin A were added as specified in the figure legends. Zebrafish embryos at 72 h post fertilization (hpf) were staged and placed into the wells of an XF-24 capture microplate (1 embryo per well). Capture screens were placed on top of the embryos in order to keep them in place under the measurement area and each well was filled with 670 l of fish water (0.5 mM NaH 2 PO 4 , 0.5 mM NaHPO 4 , 3 mg/l instant ocean). The surface area of the sensor is much smaller than that of the embryos, and detection of respiration occurs in the region immediately below the sensor itself making the measurements independent of embryo size. The experiment was performed at 28.5 • C and an OCR baseline was established for 40 min. Respiratory rates are average ± SEM of at least 20 individual embryos per condition.
Zebrafish and embryo maintenance
Adult zebrafish were maintained in the Department of Biology Facility of the University of Padova in aerated saline water according to standard protocols under a 14 h light -10 h dark cycle at 28.5 • C. Males and females were separated in the late afternoon and the next morning were freed to start courtship, which ended with egg deposition and fecundation. Eggs were collected, washed with fish water (0.5 mM NaH 2 PO 4 , 0.5 mM NaHPO 4 , 0.2 mg/l methylene blue, 3 mg/l instant ocean) and maintained at 28.5 • C in fish water supplemented with an antibiotic-antimycotic cocktail (50 g/ml ampicillin, 100 units/ml penicillin and 0.1 mg/ml streptomycin, Biochrom, 3.3 g/ml amphotericin B, Bristol-MyersSquibb). dmd ta222a/+ stable mutants carrying a point mutation (A > T) in exon 4 of the dmd gene (located in zebrafish chromosome 1) were kindly provided by the Karlshrue Institute of Technology (KIT, Karlshrue, Germany). Since the homozygous mutants died by 9 dpf, heterozygotes were used to keep and expand the line. Homozygotes were obtained at the expected Mendelian ratio by crossing heterozygotes, identified through a birefringence screening at 48 hpf and used for experiments.
Zebrafish drug treatment
Mutant embryos were dechorionated at 20 hpf and then treated with drugs starting at 48 hpf. Alisporivir and CsA (Debiopharm, Lausanne, Switzerland) were used at the indicated concentrations and dissolved in 0.01% DMSO in fish water. Vehicle control treatment consisted of 0.01% DMSO in fish water. Larvae birefringence was analyzed at 5 days post fertilization (dpf) and fish survival observed between 3 and 30 dpf. Effects of long-term alisporivir treatment were evaluated by counting the number of surviving larvae. 
Birefringence assay
Muscle birefringence was analyzed at 48 hpf to screen the embryos with dmd ta222a/ta222a genotype, and at 5 dpf to evaluate the effect of alisporivir on muscle integrity. Briefly, embryos were anesthetized with 0.02% tricaine (SIGMA Aldrich, St. Louis, MO, USA) in Tris-Cl pH 9.1, embedded in 2% methylcellulose (SIGMA Aldrich, St. Louis, MO, USA), placed on glass and finally analyzed for muscle light refraction with polarizing filters with a Leica M165FC stereomicroscope. We calculated the integrated area of birefringence pixels by using ImageJ software, as described [34] . In the scoring reported in Fig. 7A , birefringence values of 2 × 10 6 (typical of wildtype individuals) were considered normal, values between 1.9 and 0.6 × 10 6 indicative of a mild alteration and values of 0.6 × 10 6 of a severe alteration.
Genotyping
DNA was extracted from whole embryos or tails at 5 and 30 dpf, respectively. Lysis was performed using 10 g/ml proteinase K in Tris-HCl buffer pH 8.0 and DNA was precipitated with NaOAc 3 M pH 5.2 in EtOH 100%. To genotype embryos and larvae, a PCR with primers specific for the dmd gene was performed. PCR samples were sequenced by bmr-genomics sequencing service (Padova, Italy).
Ultrastructural analysis
Wild-type and sapje zebrafish embryos were fixed with Karnovsky fixative (2.5% glutaraldehyde and 2% paraformaldheyde in 0.1 M cacodylate buffer) for 3 h at 4 • C, washed with 0.1 M cacodylate buffer, post-fixed with osmium tetroxide for 2 h, and embedded in EPON 812 as previously described [26] . Muscle cell cultures were washed with PBS, fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and postfixed with 1% osmium tetroxide in veronal buffer. Samples were detached from the plastic dish with propylene oxide, centrifuged, and embedded in Epon E812 resin. Ultrathin sections were stained with uranyl acetate and lead citrate and observed with a Philips (Eindhoven, the Netherlands) EM400 electron microscope at 100 kV. For the determination of the percentage of cells with swollen mitochondria, three hundred cells were examined for each sample, while necrotic aspects were excluded.
Statistical analysis
Data were analyzed using 1-way ANOVA with Bonferroni correction and 2-tailed Student's t-test. Values with p < 0.05 were considered significant and data are reported as mean ± SEM. 
Study approval
Healthy donors and DMD patients provided informed consent and the study was approved by the ethical committee of the Rizzoli Orthopaedic Institute, Bologna. Studies on zebrafish were approved by the Italian Health Ministry − Animal Health and Veterinarian Drugs (protocol n. 414/2015 PR of 21-5-2015).
Results
We assessed the response of muscle cell cultures from DMD patients to the F 1 F O -ATP synthase inhibitor oligomycin, a method that we have used to unmask the latent mitochondrial dysfunction of patients and mice with collagen VI myopathies [22] [23] [24] [25] 35] . After the initial increase of TMRM uptake due to hyperpolarization, oligomycin caused mitochondrial depolarization (which is usually due to Ca 2+ deregulation linked to ATP depletion [36] ) only in the cells from DMD patients (Fig. 1B-D , compare with A; similar results were obtained from an additional healthy donor, data not shown; see ref [37] for the response of 2 additional DMD patients). Although some variability in the response of individual cells is apparent, in the majority of the patient cells alisporivir prevented or slowed down depolarization, suggesting that the latter was due to PTP opening (Fig. 1B'-D') .
Mitochondria from patient cultures occasionally displayed abnormal morphology (Fig. 2B-D, left panels) . Treatment with oligomycin caused mitochondrial swelling in all patient cultures (Fig. 2B-D , middle panels) and this predicted effect of PTP opening was prevented by alisporivir ( Fig. 2B-D, right panels) . Oligomycininduced mitochondrial abnormalities were not detected in cells from healthy donor ( Fig. 2A) , while they were present in the majority of cells from DMD patients (Fig. 2E) . These findings indicate that cells from DMD patients have a latent mitochondrial dysfunction that can be unmasked by treatment with oligomycin.
Cellular respiration is largely due to ATP synthesis, and the fraction of oxygen consumption linked to phosphorylation can be assessed by inhibiting the F 1 F O -ATP synthase with oligomycin. Basal respiration was the same in cultures from the healthy donor and the DMD patients, as was the response to oligomycin ( Fig. 3A-D ; results similar to those depicted in panel A were obtained from an additional healthy donor, omitted for clarity). These findings suggest that in resting cells oxidative phosphorylation provides enough ATP irrespective of the genotype. A striking difference emerged upon addition of the protonophore FCCP. At variance from healthy donor, cells from DMD patients displayed a very small respiratory increase, i.e. they had a small respiratory reserve (Fig. 3A-D) . Acute treatment with alisporivir did not improve maximal respiration (compare closed and open symbols in Fig. 3A-D) . We reasoned that some consequences of increased PTP opening may not be readily reversible. We therefore treated cells with alisporivir for 2 weeks before assessing oxygen consumption and its response to oligomycin and FCCP. Cells from all DMD patients now displayed increased maximal respiratory capacity, a result that was particularly clear-cut for cells from patients 1 and 3 ( Fig. 3A'-D' and A"-D") .
To assess the effects of alisporivir in vivo we chose the sapje zebrafish [38] , which carries an A > T transversion within exon 4 of dmd in autosomal chromosome 1. This causes a nonsense mutation at position K76 that segregates in the homozygous state with the sapje phenotype [39] . Wild-type embryos at 3 dpf displayed a regular sarcomeric array that attaches obliquely to the myotendinous junction (MTJ) and both interfibrillar and subsarcolemmal mitochondria with well developed cristae (Fig. 4A) . In sapje embryos several fibers showed detachment of the myofibrils from the MTJ and hyper-contracted areas. Mitochondria appeared enlarged, with reduced number of cristae and decreased matrix density (Fig. 4B) . Treatment with alisporivir rescued the attachment of myofibrils to the MTJ and mitochondrial cristae organization (Fig. 4C) . At 8 dpf the wild-type zebrafish had well formed MTJ, with a regular array of sarcomeres and mitochondria (Fig. 5A) , while sapje zebrafish displayed prominent loss of myofilaments near the MTJ, frequent fiber detachments and marked mitochondrial alterations with outer membrane dilations and disrupted cristae (Fig. 5B) . Treatment with alisporivir improved fiber attachment to the MTJ and overall myofibril morphology, and normalized mitochondrial ultrastructure (Fig. 5C ). The mitochondrial defects were detected also in non-degenerating myofibers (Fig. 5B, middle panel) , suggesting an early involvement of mitochondria in the progression of sapje muscle pathology. Interestingly, mitochondrial alterations were detected in fast glycolytic but not slow oxidative fibers (Fig. 6,  compare A and B) . This finding is extremely relevant because it matches the relative resistance of slow oxidative fibers to disease reported in DMD patients [40] . Treatment with alisporivir but not with CsA ameliorated in vivo muscle birefringence, a direct measurement of muscle organization. At a concentration of 5 M alisporivir was able to rescue the normal phenotype in 60% of the sapje zebrafish up from a basal level of about 5% (Fig. 7A) . The beneficial effects of alisporivir were also apparent from analysis of overall birefringence, which was improved at 5 and 10 M (Fig. 7B) . It should be noted that the effect alisporivir displayed a bell-shaped curve with decreased efficacy at 10 M.
We next performed respiratory measurements in living zebrafish and found that the basal respiratory rate (which is coupled to oxidative phosphorylation) was lower in sapje than in wild-type zebrafish (Fig. 7C) . Treatment with 5 M alisporivir partially restored basal OCR while sapje embryos treated with 5 M CsA showed an OCR comparable to that of untreated embryos (Fig. 7C) . In keeping with a causative role of mitochondrial dysfunction in muscle demise and early death of the dystrophic sapje zebrafish, treatment with alisporivir shifted 50% survival from 11 to 16.5 days, with 20% of alisporivir-treated fish still surviving at 30 days (Fig. 7C) . On the other hand, treatment with CsA worsened sapje zebrafish survival (Fig. 7D) . This finding indicates that inhibition of calcineurin has detrimental consequences in zebrafish disease progression, a finding that matches the results obtained in other animal models [40] [41] [42] and in DMD patients [43, 44] .
Discussion
The general idea that fiber death in muscle diseases is caused by increased sarcolemmal Ca 2+ flux triggering a vicious cycle of mitochondrial Ca 2+ overload and ATP depletion was first proposed forty years ago [18] . The excess Ca 2+ uptake would initially be compensated, but over time it would cause structural damage to mitochondria followed by decreased ATP production, worsening of the cytosolic [Ca 2+ ] increase and eventually hypercontracture and fiber death. Consistent with this idea, mitochondria from myopathic animals were not different from those of healthy individuals [45, 46] , but contained more Ca 2+ [47, 48] and were sensitive to a Ca 2+ -dependent decrease in respiration and ATP production with NAD + -linked substrates [49] . It is now well documented (i) that increased cytosolic/organellar [Ca 2+ ] causes muscle pathology per se in otherwise healthy individuals [7] , as demonstrated by genetic manipulation of TRPC3 channels [50] , SERCA1 and 2a [51] , ORA1/STIM1 [52] , NCX1 [53] or by treatment with cardiotoxin [54] ; and (ii) that a key effector mechanism is opening of the Ca 2+ -dependent mitochondrial PTP [8] . Due to their proximity to the sarcoplasmic reticulum, mitochondria take up Ca 2+ even under resting conditions [55] [56] [57] [58] in a process that is sensitive to redox events [59, 60] . Thus, mitochondria can be affected by deregulation of Ca 2+ homeostasis [48] even when cytosolic [Ca 2+ ] appears to be normal [15, 61] , i.e. in the early stages of muscular dystrophies when the defect is compensated [7] . Increase of the PTP open time may then gradually decrease ATP production and cause secondary dysfunction of the sarcoplasmic reticulum resulting in further increase of mitochondrial matrix Ca 2+ and setting up a selfamplifying vicious circle eventually causing fiber demise [8, 18] . Pathogenic factors are also Ca 2+ -dependent calpain activation [13] and excess reactive oxygen and nitrogen species, which have synergistic effects with those of Ca 2+ overload [62] [63] [64] .
Prolonged PTP opening causes depolarization, thus preventing ATP synthesis and promoting hydrolysis of any available glycolytic ATP. Owing to the PTP exclusion size of about 1.5 kDa, matrix solutes equilibrate and matrix NAD + is lost causing inhibition of respiration [65, 66] , one of the defining features of the latent mitochondrial dysfunction of dystrophic muscle [49] . Upon release from the matrix, NAD + undergoes rapid cleavage by outer membrane glycohydrolase [67] and in mammals it cannot be imported from the cytosol [68] . Restoration of the mitochondrial NAD + pool thus requires de novo synthesis [69] and it appears plausible that the time required to recover respiration after treatment with alisporivir reflects the time required for NAD + synthesis from nicotinamide mononucleotide [70] . At least in the mdx mouse, ATP production may also be compromised by decreased oxidative utilization of glucose and free fatty acids [71] , and decreased levels of respiration [72] [73] [74] may even precede the Ca 2+ -dependent damage due to dystrophin deficiency in the myofibers [73] . Partial restoration of respiration with alisporivir in DMD patient cells and sapje zebrafish is important because it suggests that decreased rates of respiration (hence ATP production) may contribute to muscle weakness in the patients. Recovery of muscle strength could therefore be an early indication of efficacy during alisporivir treatment.
The features of the PTP in zebrafish are superimposable to those of mammals [75] and the sapje zebrafish is an excellent model of DMD [38] . In sapje homozygotes, fibers show detached ends and shortening, with reduced separation and regularity of sarcomeric banding, and nuclear condensation indicative of apoptosis [39] . As shown here, mitochondria are selectively affected in fast glycolytic fibers, while mitochondria from slow oxidative fibers appear preserved, a finding that matches the propensity of fiber subtypes to undergo demise in DMD patients [40] . An unexpected effect of alisporivir in the sapje zebrafish was the recovered alignment of myofibrils at the MTJ, which apparently drove the reconstitution of muscle structure and the substantial amelioration of motility and survival. It should be recalled that early alterations of the MTJ (including the presence of abnormal mitochondria) had been detected in dystrophic Davis chicken as early as at 13 d in ovo [76] and in mdx mice, where the alterations preceded necrosis and played a significant role in development of the dystrophic phenotype [77] [78] [79] . Restoration by alisporivir of normal muscle MTJ and morphogenesis in sapje zebrafish reveals a hitherto unsuspected feedback between mitochondrial function and correct development of muscle during embryogenesis.
Gene ablation studies have shown that calcineurin plays an important role during myogenesis and fiber type switching [80, 81] , a good explanation for why NIM811 (which like alisporivir does not affect calcineurin) is superior to CsA in the treatment of the severe collagen VI muscular dystrophy in zebrafish [25, 26] . It is remarkable that ␣-actinin-3 deficiency stimulates oxidative muscle metabolism through activation of calcineurin [43, 44] , which decreases overall muscle performance but slows down disease progression by favoring fiber switch towards the more diseaseresistant slow oxidative type [44] ; and that tamoxifen, which significantly counteracts pathology in the mdx mouse model, enhances calcineurin expression in the gastrocnemius muscle, suggestive of a fast-to-slow phenotypic transition [82] . Our results suggest that the potential protective effect of CsA through CyPD inhibition is offset by the detrimental consequences of calcineurin inhibition. These findings may explain why CsA gave contradictory results in clinical trials in DMD patients [83] [84] [85] , which may also depend on the different drug doses used.
The effective concentrations of alisporivir are higher than those needed to fully inhibit the enzymatic activity of CyPs by CsA in vitro, which is in the low nanomolar range [86] . This discrepancy can be partly explained by equilibration across several membranes and by binding to other isoforms like the abundant cytosolic CyPA and the endoplasmic reticulum CyPB. The latter interaction may also contribute to explain the bell-shaped effect of alisporivir because CyPB affects Ca 2+ homeostasis through the calcium-modulating cyclophilin ligand CAML [87] . First identified in T lymphocytes, this protein is ubiquitously expressed and has a prosurvival function in lymphocytes [87] and possibly in muscle cells, an issue that deserves further study. Yet, the significant correction of the mitochondrial and structural defects, the substantial recovery of respiration in both patient cells and zebrafish and the increased survival of dystrophic sapje zebrafish by alisporivir treatment raise hopes for the therapy of DMD. Besides mdx mice [27] , solid evidence that the PTP is involved in disease pathogenesis exists for Scgd −/− mice [27] (which lack ␦ sarcoglycan and are a model of limb-girdle muscular dystrophy) [88] , Lama2 mice [27] (which lack laminin 2 and are a model of congenital muscular dystrophy) [88] and Col6a1 −/− mice [22] (which lack collagen VI and are a model of Ullrich and Bethlem muscular dystrophies) [89] . Alisporivir was generally well tolerated in HCV patients [90, 91] and the current results indicate that it could be used in the treatment of DMD and possibly of other muscular dystrophies.
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